A functional centromere located on a small DNA restriction fragment from Saccharomyces cerevisiae was identified as CEN14 by integrating centromere-adjacent DNA plus the URA3 gene by homolgous recombination into the yeast genome and then by localizing the URA3 gene to chromosome XIV by standard tetrad analysis. DNA sequence analysis revealed that CEN14 possesses sequences (elements I, II, and III) that are characteristic of other yeast centromeres. Mitotic and meiotic analyses indicated that the CEN14 function resides on a 259-base-pair (bp) RsaI-EcoRV restriction fragment, containing sequences that extend only 27 bp to the right of the element I to Ill region. In conjunction with previous findings on CEN3 and CENII, these results indicate that the specific DNA sequences required in cis for yeast centromere function are contained within a region about 150 bp in length.
A functional centromere located on a small DNA restriction fragment from Saccharomyces cerevisiae was identified as CEN14 by integrating centromere-adjacent DNA plus the URA3 gene by homolgous recombination into the yeast genome and then by localizing the URA3 gene to chromosome XIV by standard tetrad analysis. DNA sequence analysis revealed that CEN14 possesses sequences (elements I, II, and III) that are characteristic of other yeast centromeres. Mitotic and meiotic analyses indicated that the CEN14 function resides on a 259-base-pair (bp) RsaI-EcoRV restriction fragment, containing sequences that extend only 27 bp to the right of the element I to Ill region. In conjunction with previous findings on CEN3 and CENII, these results indicate that the specific DNA sequences required in cis for yeast centromere function are contained within a region about 150 bp in length.
The centromere region of eucaryotic chromosomes plays a critical role in the proper segregation of chromosomes through meiosis and mitosis. Centromeric DNA in conjunction with other nuclear components, including centromerebinding proteins and microtubules, functions in the proper distribution of chromosomes through cell division. In recent years, centromeric DNA from chromosomes III, IV, V, VI, and XI of the yeast Saccharomyces cerevisiae have been identified and characterized (7, 9, 17, 22, 25) . When plasmids carrying centromere sequences in addition to an autonomously replicating sequence (ARS) are followed through cell division, these plasmids are found to behave as minichromosomes; that is, they are relatively stably maintained through mitosis, and they segregate predominantly 2 +:2-through meiosis (10, 17, 22, 25) . This plasmid assay has allowed the identification of small restriction fragments that contain centromere function. A comparison of the DNA sequences of such fragments containing CEN3, 4, -6, and -11 reveals three structural features common to all (see Fig. 5 ). These features include CEN sequence element I, a 14-base-pair (bp) region with a similar sequence among the centromeres, followed by a region of conserved length (77 to 84 bp) and A+T (3, 22) .
We report the identification and characterization of the centromere from S. cerevisiae chromosome XIV. Based on a plasmid assay, centromere activity is found on a 259-bp restriction fragment containing sequence elements I, II, and III along with flanking sequences that extend only 27 bp to the right of the CEN element III region. In conjunction with previous findings on CEN3 and CENIl, these results indicate that the specific DNA sequences required in cis for yeast centromere function are contained within a region approximatley 150 bp in length.
MATERIALS AND METHODSStrains, media, and enzymes. Escherichia coli JA226 (C600 hsdR hsdM+ recBC lop-] I thi leuB6 strR) and JA300 (thr leuB6 hsdR hsdM trpCl17 strR) were used for-transformation and preparation of plasmid DNAs. S. cerevisiae strain J17 (a his2 ura3 adel met14 trpl) was used in mitotic stability assays, strain RH218 (a CUP2 trpl gall mal SUC2) was from D. Stinchcomb (19) , strain K393-35C (a spol I ura3 his2 leul lysi met4 pet8) was from R. E. Esposito (16), strain SB7883-1C (a/a ura3-521ura3-52 trplltrpl leu2,31LEU2,3 his4/HIS4 crylICR Yl METl41metl4 ADElladel) was used in integration experiments, and strain AB320 (HO ade2 lys2 trp5 leu2 canl-l00 ura3 or ural met4) was from M. Olson (21) . Plasmid pCH10 was isolated by Hsiao and Carbon (14) from a yeast genomic library constructed from strain AB320 DNA in the ARS vector YRp7 (26) . Yeast matings, sporulations, and dissections were carried out as described previously (30) . Media for yeast and bacterial growth have been described previously (13 DNA preparations and transformations. Purified plasmid DNA was isolated as described by Holmes and Quigley (12) . Yeast and E. coli transformations were as described previously (28) . Yeast genomic DNA was prepared as described by Clarke and Carbon (8) .
Mitotic stability assay. The mitotic stability assay has been described previously (11) . Samples were taken at time points between 0 and 13 generations of growth in rich media.
DNA sequence analysis. Restriction fragments generated by cleavage of pYe(RH)10 were prepared for sequencing essentially as described by Maxam and Gilbert (18) with modifications of calf intestine alkaline phosphatase and T4 polynucleotide kinase conditions. Sequencing reactions were those described by Maxam and Gilbert (18) , with the exception that the G+A depurination reaction was done with 0.3 M NaCl-0.3 N HCl instead of 4% formic acid. Samples were loaded onto either 8% standard sequencing gels or 6% buffer gradient gels (2) .
Sequence comparisons. Sequence comparisons were done with the SEQ computer program (4) available through Intelligenetics, Inc., Palo Alto, Calif.
RESULTS
The plasmid pCH10 was identified as a putative centromere-containing plasmid from a yeast genomic library by directly selecting for plasmids that were stably maintained in yeast through 20 generations of mitotic growth under nonselective conditions (14) . It was further demonstrated that pCH10 also possesses an important property of centromere plasmids; the plasmid genetic marker segregates predominantly 2+:2-through meiosis, with the plasmid segregating to sister spores. Fragments of the yeast DNA insert in pCH10 were subcloned into vector pGT27 (29) and subjected to a quick screen for mitotic stabilizing activity by an assay similar to that described by Hsiao and Carbon (14) . The results of the analysis (data not shown) indicate that the centromere activity is contained within a 3. 1-kilobase-pair (kbp) SalIl-EcoRI restriction fragment [pYe(SR)10, (Fig. 1)] .
Characterization of the Sall-EcoRI fragment. To confirm the yeast origin of the SalI-EcoRI DNA, the plasmid pBR-SR ( Fig. 2C ) was used to probe yeast genomic DNA. Only one genomic band in a given digest hybridized, and the SalI-EcoRI genomic band (Fig. 2C , lane 4) was identical in size to the 3.1-kbp SalI-EcoRI band in the plasmid control (Fig. 2C, lane 3) . These results indicate that this centromerecontaining DNA is a unique single copy sequence in the S. cerevisiae genome and does not cross-hybridize to other centromeres by standard Southern blot hybridizations (24) , as has been shown for DNA containing CEN3, 4, -6, and -II (11, 17, 22, 25) .
To demonstrate that the SaIl-EcoRI cloned DNA is representative of the arrangement of this DNA in the yeast genome, blots were probed with plasmids pBR-RH and pBR-SH in addition to pBR-SR ( Fig. 1 and 2 ). If this DNA had undergone rearrangements in cloning, then for each digest more than one band should hybridize to one or more of the probes. If this cloned DNA were identical to genomic DNA, then only one band in each genomic digest should hybridize to each probe, and the same size band should hybridize to all three probes for a given digest. The results of the Southern gel (Fig. 2) indicate that the SaII-EcoRI cloned DNA is unrearranged relative to this fragment in the yeast genome.
A. Mitotic and meiotic analysis. The SaII-EcoRI DNA fragment was subcloned as a 1.5-kbp Sall-HindIll fragment into vector YRp7 (26) to form pYe(SH)10, and as a 1.6-kb EcoRI-HindIII fragment into vector YRp7' (26) to form pYe(RH)10 ( Fig. 1) . These subclones were subjected to a mitotic stability assay (see above) to determine the plasmid segregation rate (loss per generation) to localize the centromere to a smaller restriction fragment. pCH10, pYe(SR)10, and pYe(RH)10 were lost at a rate of 1 to 5% per generation from yeast cells growing in rich media, a loss rate that is characteristic of centromere plasmids (Fig. 3) 6 , yeast strain AB320 genomic DNA digested with BamHI. The blots were probed as follows: (A) the probe was pBR-RH; (B) the probe was pBR-SH, (C) the probe was pBR-SR. For the BamHI and Pui,II digests, only one band hybridizes to each probe, and this band is the same size for all probes. In the SalI-EcoRI digests of genomic DNA (lane 4), a band corresponding to the 3.1-kbp Sall-HindlII band in the plasmid control (lane 3) hybridized to all three probes. In this digest, a large-molecular-weight fragment also hybridizes to each probe. and this band is thought to be a partial digestion product, since it is not observed when genomic DNA is cut with other enzymes. activity resides on a 259-bp RsaI-EcoRV restriction fragment. Plasmid pYe(CENJ4)10, which contains this 259-bp fragment, was lost at a rate of only 1 to 2% per generation ( Fig. 1 and 3) .
Separate cultures of yeast strain J17 were transformed with each of the ARS plasmids shown in Fig. 1B and mated to strain RH218, and the selected diploids were subjected to standard yeast tetrad analysis ( Table 1 ). The meiotic behavior of pCH10, pYe(SR)10, pYe(RH)10, and pYe(CENJ4)10 was typical of centromere plasmids in that when the plasmid marker (TRPJ) segregated 2+ :2-, it was almost always found in sister spores produced by the second meiotic division. Thus both mitotic and meiotic analyses support the conclusion that the 259-bp RsaI Fig. 4A . The sequence of the 259-bp RsaI-EcoRV fragment containing CEN14 is shown in Fig. 4B . CEN14 possesses sequences that are characteristic of other yeast centromeres (elements 1, II, and III; Fig. 4B) .
A sequence homology comparison ( Fig. 4B and 5 ) of the CEN14 sequence with sequence element I of CEN3, 4, -6, and -ll reveals a sequence element I in the usual position flanking the high A+T region (element II). The sequence element II of CEN14 is similar to that found in other yeast centromeres; it is 84 bp in length and 94% A+T. There appears to be no extensive sequence homology among the CEN elements II sequenced to date, although the general arrangement of blocks of A residues followed by runs of T residues as opposed to alternating A:T base pairs is similar in all centromeres.
The sequence element III region is highly conserved among yeast centromeres, and a comparison of this region in CEN3, 4, -6, and -Il (Fig. 5) (6) . In addition, deletion analysis of CENI I has shown that the deletion of the first 5 bp from the left border of the sequence element I region (Fig. 5) does not affect centromere activity (10) . Thus, it is clear that sequences 5' to the first invariant nucleotide of element I are not required for centromere function. However, the leftward boundary of the centromere has not been accurately deter- (11) . Now that additional centromere sequences are available, the element III region of homology has been redefined to include homologous sequences on both sides of the original 11-bp sequence. The functional significance of several of these invariant nucleotides has been investigated with bisulfite and oligonucleotide-directed mutagenesis. Mutations altering three different invariant nucleotides (underlined in Fig. 5 between the DM359 sequence and any of the five yeast CEN element III regions. It is remarkable that nearly all of the DM359 sequence is contained in the proper order among the group of yeast CEN sequences. The significance of the homology between this satellite sequence and yeast centromeres is not understood. However, since DM359 occurs in the centromere region of the D. melanogaster sex chromosomes, it is interesting that Peacock and Miklos (23) have observed that deletions of heterochromatin in this region of the X-chromosome reduce meiotic pairing and cause abnormal segregation of the sex chromosomes.
